The three exposed tyrosines of RNase A have been converted to nitrotyrosines by reaction with tetranitromethane, and the changes in the ionization properties of these nitrotyrosines have been used to follow the kinetics of unfolding of the nitrated protein. It is found that the nitrotyrosines not only are sensitive to the overall disruption of the protein structure, which occurs in a faster reaction, but also serve as reporter groups for the slower reaction which takes place in the unfolded state. This slower reaction corresponds to the formation of the slow-refolding species of the unfolded protein. The kinetic properties of the slower reaction-guanidine-dependence of the rate and activation enthalpy-are similar to those of the proline cis-trans isomerization in a model peptide determined in the same conditions. It is concluded that proline cis-trans isomerization is indeed the rate-limiting factor for the formation of the slow-refolding species. Because the influence of proline cis-trans isomerization on the properties of the nitrotyrosines in the unfolded protein is probably due to a local effect, it is suggested that most of the optical changes observed during this slow unfolding reaction arise from the effect of the cis-trans isomerization of the Asn"13-Pro"'4 bond on the properties of nitrotyrosine 115.
Over a wide range of conditions, the reactions of unfolding and refolding of RNase A can be described by a three-species mechanism:
slow fast U1 ±IU2± zN in which N is the native protein and Ui and U2 are two different, unfolded, optically indistinguishable species in slow equilibrium (1) (2) (3) (4) (5) (6) . The fast-refolding species, U2, represents about 20% of the protein molecules and can fold up several hundred times faster than the slow-refolding species, Ui (4, 5) . The difference between U1 and U2 probably lies in the configuration of the polypeptide chain, and, more specifically, it has been proposed that U1 and U2 differ only in the cis-trans isomers of their four proline residues (6) . Indeed, proline-containing peptides exist as a mixture of cis and trans isomers, and the interconversion between cis and trans is a slow process (5) (6) (7) (8) . The fast-refolding species, U2, would have all its proline residues in the same cis or trans state as in N, whereas the slow-refolding species, U1, would correspond to molecules with at least one proline residue in a "non-native" cis or trans state (6) .
This explanation of the slow reactions of unfolding and refolding in RNase A is esthetically appealing because of its simplicity; it is also difficult to test, mainly because there are few ways of distinguishing the cis and trans states of a given proline residue in a polypeptide chain while it is folding. Two recent pieces of evidence suggest that proline cis-trans isomerization is indeed involved in the slow folding reaction of simple proteins. First, a form of parvalbumin that does not contain proline does not show a slow folding reaction (9) . Second, the slow unfolding reaction of RNase A is acid-catalyzed (10), as is the interconversion between the all-cis polyproline I and the all-trans polyproline II (11) .
It has been shown recently that the kinetics of cis-trans isomerization of an X-Pro peptide bond in an oligopeptide can be measured, provided that an ionizable reporter group is adjacent to the proline residue and that its pK is different in the cis and trans isomers (8) . RNase A possesses three exposed tyrosines that can be converted to nitrotyrosines by nitration of the native protein without affecting the three buried tyrosines, as judged from their ionization properties (12, 13) . Comparison with the results of other chemical modifications, which also leave the buried tyrosines unaffected, strongly suggests that nitration modifies only those residues thus far identified as exposed-tyrosines 73, 76, and 115 (14, 15 (8) . However, the pK of an ionizable group in a protein depends on many environmental factors (17) , and the changes in the ionization properties of nitrotyrosine 115 will be due to more than the cis-trans isomerization of the preceding Asn113-Proll4 peptide bond. Also, the two other nitrotyrosines, residues 73 and 76, will change their ionization properties when the protein unfolds and thus will contribute to the observed optical changes.
The present work is a study of the unfolding process of nitrated RNase A, as measured by the changes in the ionization properties of the nitrotyrosines. By comparison of the kinetic behavior of the nitrated protein with that of RNase A and of proline-containing peptides, it is possible to assign the observed optical changes to overall unfolding of the protein molecule or to specific changes of nitrotyrosine 115 upon cis-trans isomerization of the Asn"I3-Proll4 bond. These results suggest that the cis-trans isomerization of proline residues is the rate-limiting factor for the slow unfolding reaction of RNase A.
MATERIALS AND METHODS RNase A was obtained from Sigma (lot 95 G 8147) and was purified by ion-exchange chromatography (18) . Tetranitromethane was from Aldrich, and guanidinium hydrochloride (Gdn-HCI) was from Carlo Erba. Nitrated RNase A was prepared and characterized as described (13) . All optical measurements were made with a Cary 17 spectrophotometer at controlled temperatures. The unfolding reaction was initiated by manual dilution, and it was verified that the procedure was Abbreviations: Gdn-HCl, guanidinium hydrochloride; T, time constant; Me2SO, dimethyl sulfoxide.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. free of thermal artifacts (13) . In addition to Gdn-HCl at various concentrations, 0.1 M cacodylate buffer was present in all experiments. The concentration of stock Gdn-HCl solutions was determined by pycnometry and refractometry (4) .
RESULTS

Kinetics of Proline cis-trans Isomerization of a Model
Peptide in the Presence of GdnHCI. In the hexapeptide Gly-Gly-Pro-NO2Tyr-Gly-Gly, the difference in the pK of the nitrotyrosine between the cis and trans forms of the preceding Gly-Pro peptide bond can be used to follow the kinetics of cis-trans isomerization (8) . As has been found earlier for the dipeptide Ala-Pro (5), the rate of cis-trans isomerization in the nitrated hexapeptide was the same when Gdn-HCI was present as when it was absent (Table 1 ). This was true at both 25 and 150C, indicating that the activation enthalpy AWH is the same in the presence of Gdn.HCI as in its absence: AHW ; 18 kcal/ mol (1 cal = 4.18 J) (8) .
GdnHCI-Induced Transition of Nitrated RNase A at Equilibrium. Nitrated RNase A has been shown to resemble the unmodified protein in regard to its enzymatic properties and thermal unfolding (13) . Its Gdn.HCI-induced transition also appears to be similar to that of RNase A, when measured at 428 nm through the nitrotyrosine groups ( Fig. 1) , taking place between 2 and 4 M Gdn.HCI. The pH dependence of the changes in A428 nm observed upon unfolding of nitrated RNase A by Gdn-HCI shows that these changes are due to both a change in the pK of the nitrotyrosines and a change in the molar absorbance of the ionized form of the protein (Fig. 2) . At 2 M Gdn.HCI or below, nitrated RNase A is completely native; it is completely unfolded above 4 M Gdn-HCl.
Kinetics of Unfolding of Nitrated RNase A. When measured at 428 nm, the unfolding reaction of nitrated RNase A in 5.5 M Gdn.HCl at pH 6.5 was biphasic, with a faster phase representing about 75-80% of the amplitude and a slower phase representing about 20-25% (Fig. 3) . The temperature dependence of this unfolding reaction shows that the activation enthalpies of these two phases are 8 ± 2 kcal/mol (+ measurement error) for the faster and 18 ± 3 kcal/mol for the slower (Fig. 3) . The relative magnitudes of the amplitudes of these phases did not markedly depend on the temperature. The relaxation time of the slower phase did not depend on final Gdn-HCI concentration, whereas that of the faster phase decreased with increasing Gdn-HCI concentration ( Table 2) . It is known that the unfolding process of RNase A is composed of two reactions: the faster corresponds to the major disruption of the structure, and the slower represents the interconversion between two unfolded species. This slower reaction cannot be observed directly because these two unfolded species are optically indistinguishable and can be differentiated only in "double-jump" experiments in which refolding assays are used to measure the rate of formation of the slow-refolding species (5, 6, 10). Fig. 4 shows that the formation of the slow-refolding species of nitrated RNase A could be followed by this doublejump technique and that its rate was the same as that measured directly by the slower phase in unfolding.
In Fig. 3 , the results of other double-jump experiments performed with RNase A (5, 6, 10) are plotted together with those obtained for the slower phase in the unfolding of nitrated RNase A. Both sets of data fit the same Arrhenius line, corresponding to an activation enthalpy of 18 kcal/mol and suggesting that they pertain to the same process. Also, the results given in Fig.  4 show that this slower phase indeed measures the formation of the slow-refolding species-i.e., the U2 U1 reaction. Thus, nitration of RNase A provides a means of distinguishing the fast-(U2) and slow-(U1) refolding forms of unfolded RNase A, in agreement with previous results (13) . Hence, it is easy to obtain the activation enthalpy of the slow unfolding reaction, .iH* 18 kcal/mol.
DISCUSSION
The Unfolding Process of Nitrated RNase A is the Same as That of RNase A. Previous results on the kinetics of refolding of nitrated RNase have indicated that both the fast-and slowrefolding species are present in the unfolded state (13) . The present results show that unfolding of nitrated RNase A is composed of two reactions, the slower of which is the formation of the slow-refolding species (Figs. 3 and 4) . Thus, the unfolding-refolding process of nitrated RNase (ii) its activation enthalpy is about [8] [9] kcal/mol at 5.5 M final Gdn-HCl. Table 2 and Fig. 3 show that these same properties are found for the faster phase of the unfolding reaction of nitrated RNase A. It is therefore likely that this faster reaction in nitrated RNase A corresponds to the same process as that observed in the unfolding of RNase A-namely, the major disruption of the protein structure (5, 6 Biochemistry: Garel proline residues. Another similarity between the. kinetic properties of the U1 -U2 reaction and the proline cis-trans isomerization-namely, that both are acid-catalyzed (10)-also supports this conclusion. It seems, then, as if the changes in A428 nm linked to this slower reaction would be free from any influence of overall folding and would be specifically due to the effect of the cis-trans isomerization of proline residues on the ionization properties of the nitrotyrosines. A more precise assignment of the origin of these changes in A428 nm is proposed below.
The Possible Involvement of Pro'14 cis-trans Isomerization. The slower phases in the unfolding reactions of RNase A and of nitrated RNase A correspond to the U1 -U2 reaction (i.e., to an interconversion between two unfolded states); this reaction does not produce any change in absorbance in RNase A (5, 6) whereas it does in the nitrated derivative. This indicates that at least some of the nitrotyrosines are able to report on a process that probably involves only local conformational changes. These local changes seem to be due to proline cis-trans isomerization, as judged from their kinetic properties. Another derivative of RNase A, which carries also an ionizable reporter group but on its a-amino group (18) (i.e., far from a proline residue), does not show any optical change during the slow unfolding reaction (unpublished results). This suggests that the nitrotyrosines responsible for the optical changes observed during this reaction are those in the vicinity of proline residues. Of the three exposed tyrosines that have been converted to nitrotyrosines, only Tyr"15 is close to a proline, Pro'14 (16) , and previous studies with a model peptide have shown that, in the sequence ... .X-Pro-NO2Tyr . . ., the pK of the nitrotyrosine is sensitive to the cis or trans state of the X-Pro peptide bond (8) . It 
